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Abstract: With the use of collaborative robots in intelligent manufacturing, human-robot interaction
has become more important in human-robot collaborations. Human-robot handover has a huge
impact on human-robot interaction. For current research on human-robot handover, special attention
is paid to robot path planning and motion control during the handover process; seldom is research
focused on human handover intentions. However, enabling robots to predict human handover
intentions is important for improving the efficiency of object handover. To enable robots to predict
human handover intentions, a novel human handover intention prediction approach was proposed
in this study. In the proposed approach, a wearable data glove and fuzzy rules are firstly used to
achieve faster and accurate human handover intention sensing (HIS) and human handover intention
prediction (HIP). This approach mainly includes human handover intention sensing (HIS) and human
handover intention prediction (HIP). For human HIS, we employ wearable data gloves to sense
human handover intention information. Compared with vision-based and physical contact-based
sensing, wearable data glove-based sensing cannot be affected by visual occlusion and does not pose
threats to human safety. For human HIP, we propose a fast handover intention prediction method
based on fuzzy rules. Using this method, the robot can efficiently predict human handover intentions
based on the sensing data obtained by the data glove. The experimental results demonstrate the
advantages and efficacy of the proposed method in human intention prediction during human-
robot handover.

Keywords: human-robot handover; intention prediction; wearable sensing; robot control

1. Introduction

In recent years, human-robot collaboration has attracted considerable attention owing
to its significant advantages [1-3]: on the one hand, robots can manage repetitive, simple,
and cumbersome tasks; on the other hand, human workers can manage dexterous and
complex tasks. Through human-robot collaboration, the efficiency of industrial manufac-
turing—especially dexterous and complex hybrid assembly tasks—can be significantly
improved [4-6].

When human-robot collaboration is used for assembly tasks, object handover between
humans and robots is basic and inevitable [7,8]. Through human-robot handover, con-
siderable time and labor consumption can be saved in the assembly task; consequently,
the assembly efficiency can be improved [9]. For example, in automobile assembly, for
human workers, significant time and effort are required to collect and deliver parts to
their colleagues (or obtain parts from their colleagues and put them in their proper places)
during the assembly [10]. Human-robot handover can significantly reduce time cost and
human effort consumption because robots are used as human colleagues to complete these
simple but time-consuming operations [11].

To achieve natural and seamless object handover between a human and a robot, such
as the natural and smooth object handover between a human and a human, coordination
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between a human and a robot in space and time is necessary [12,13]. To implement
this coordination, the prediction of human handover intention is essential [14]. Human
handover intention refers to what the human wants to do for the robot or what the human
wants the robot to do in human-robot handover. Recently, related studies have been
conducted on the prediction of human handover intention. The methods proposed in
these studies can be divided into two categories: vision-based methods and physical
contact-based methods.

For the vision-based methods, Rosenberger et al. used real-time robotic vision to grasp
unseen objects and realized safe object-independent human-to-robot handover [15]. They
used a Red-Green-Blue-Depth (RGBD) camera to obtain segmentation of a human body and
hand segmentation to perform object detection. Therefore, they realized object-independent
human-to-robot handover. Melchiorre et al. proposed a vision-based control architecture
for human-robot handover applications [16]. They used a 3D-sensor setup to predict the
position of a human worker’s hand and adapted the pose of the tool center point of the
robot to the pose of the hand of the human worker to realize a human-robot handover. Ye
et al. used a vision-based system to construct a benchmark for visual human-human object
handover analysis [17]. They used Intel Realsense cameras to record RGBD videos of the
two humans’ handover process, and these videos could be used to predict the human’s
handover intention to improve the efficiency of human-robot handover. Wei et al. proposed
a vision-based approach to measure environmental effects on the prediction of human
intention [18]. They used their approach in human-robot interaction and realized safe,
efficient human-robot interaction. Liu et al. used a Kinect V2 camera to collect a human-
robot interaction dataset [19]. Based on the dataset, they used the Spatial-Temporal Graph
Convolutional Network with Long Short Term Memory (ST-GCN-LSTM) layers model and
the YOLO model to recognize humans’ intentions during human-robot handover. Chan et
al. used a vision-based system to detect humans’ behaviors [20]. According to the detection
result, they computed object orientations by an affordance and distance minimization-based
method to realize smooth human-robot handover. Yang et al. proposed a vision-based
system to enable unknown objects to be transferred between a human and a robot [21].
They employed the Azure Kinect RGBD camera to capture RGBD images of a human'’s
hand and predict the human’s handover intention, thereby realizing handing over diverse
objects with arbitrary appearance, size, shape, and deformability.

However, these vision-based methods will not work in the case of visual occlusion. In
addition, the vision system can only capture the motion of humans in a specific area, which
considerably limits the range of humans” work activities.

For the physical contact-based methods, Alevizos et al. used force/torque sensors to
measure the interaction force/torque between a human and a robot [22]. Therefore, they
proposed a method to predict a human’s motion intention to realize a smooth, intuitive
physical interaction with the human. Wang et al. built a tactile information dataset for
physical human-robot interaction [23]. They used a tactile sensor to record 12 types of com-
mon tactile actions of 50 subjects. Using this dataset, human intentions could be predicted
during physical human-robot interaction. Chen et al. [24] proposed a systematic approach
to adjust admittance parameters according to human intentions. They used a force/torque
sensor installed at the endpoint of the manipulator to measure interaction force, which was
used to predict human intentions. Yu et al. proposed a novel approach to estimate human
impedance and motion intention for constrained human-robot interaction [25]. They used
angle and torque sensors in the joint to measure interaction force and motion information to
predict human intentions to complete natural human-robot interaction. Li et al. proposed
a control scheme for physical human-robot interaction coupled with an environment of
unknown stiffness [26]. During the physical human-robot interaction in their work, the
human force was measured by a 6-DOF T/F sensor, Nano 25 (ATI Industrial Automation
Inc., Apex, NC, USA) at the end-effector, and the human intention was estimated based
on the measured human force. Hamad et al. proposed a robotic admittance controller
which was used to adaptively adjust its contribution to a collaborative task performed
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with a human worker [27]. In their work, a force sensor (Mini40, ATI Inc., Columbia, MD,
USA) was used to measure the force applied by the human worker. The human worker’s
intention was predicted using the measured interaction force. Khoramshahi et al. designed
a dynamical system method for detection and reaction to human guidance during physical
human-robot interaction [28]. They proposed a human intention detection algorithm to
predict the human’s intention using the human force measured by the force/torque sensor
(Robotiq FT300, Robotqi, Quebec City, Canada) mounted on the end-effector. Li et al.
developed an assimilation control approach to reshape the physical interaction trajectory
in the interaction task [29]. They estimated the human’s virtual target from the interaction
force measured by a six-axis force sensor (SRI. M3703 C, Sunrise Instruments, Canton, MI,
USA), and by employing this method, the robot could adapt its behavior according to the
human’s intention.

However, these physical contact-based methods depend on physical contact between the
human and the robot in the process of human-robot handover, which may endanger humans.

To overcome the shortcomings of the methods based on vision and physical contact,
recently, wearable sensing technology has been applied in human-robot handover. In [30],
Zhang et al. developed an electromyography (EMG) signal-based human-robot collabora-
tion system. In the system, they used EMG sensors to sample EMG signals of a human’s
forearm. Based on the sampled EMG signals, they developed an algorithm to control a
robot to complete several motions. In [31], Sirintuna et al. used neural networks trained
by EMG signals to guide the robot to perform specific tasks in physical human-robot
interaction. The EMG signals were sampled by four wearable EMG sensors on various
muscles of the human arm. In [32], Mendes et al. proposed a deep learning-based approach
for human-robot collaboration. In their method, surface EMG signals were sampled by
wearable EMG sensors to control a robot’s mobility in human-robot interaction. In [33],
Cifuentes et al. developed a wearable mobile robot’s controller to track the motion of a
human in human-robot handover. In this controller, an inertial measuring unit (IMU)
that can be worn and laser rangefinder were used to sample human motion data, which
were fused to build a human-robot handover strategy. In [34], Artemiadis et al. used
wearable EMG sensors to detect signals from human upper limb muscles and and created
a user-robot control interface. In [35], wearable IMU and EMG sensors were incorporated
into the robot’s sensing system to enable independent control of the robot. In [14], Wang
et al. used wearable EMG and IMU sensors to collect motion data of the human forearm
and hand. These motion data were used to predict human handover intentions. Therefore,
to the best of our knowledge, this was the only research work in which wearable sensing
technology was used to predict human handover intentions.

However, the above research work has three disadvantages: (1) These wearable
sensing-based methods mainly aim at controlling the low-level motion of the robot. Limited
research addressing human HIP has been conducted. (2) Current research which uses
wearable sensing to predict human handover intentions adopt EMG sensors. However,
the signals of EMG sensors are easily disturbed by physiological electrical signals, which
will reduce the prediction accuracy of human handover intention. (3) Current research
which uses wearable sensing to predict human handover intentions can only collect human
motion signals from the forearm. However, human motion signals from other body parts,
such as five fingers, cannot be collected; thus, human intentions represented by other body
parts (such as human intentions represented by gestures) cannot be predicted.

To overcome the above three shortcomings, this study proposes a new method to
predict human handover intentions in human-robot collaboration. In our methods, firstly,
we employ a wearable data glove to obtain human gesture information. Thereafter, we
propose a fast human HIP model based on fuzzy rules. Finally, human gesture information
is input to the human HIP model to obtain the predicted human handover intention.
Through our method, the robot can predict human handover intentions accurately and
collaborate with a human to finish object handover efficiently. The following are the study’s
primary contributions.
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¢  We developed a novel solution using wearable data glove to predict human handover
intentions in human-robot handover.

*  We used a data glove instead of EMG sensors to obtain human handover intention
information, which avoids the disadvantage that EMG sensors’ signals are easily
disturbed by physiological electrical signals. This improved the prediction accuracy
of human handover intentions.

*  We collected human gesture information to predict human handover intention, which
enabled the robot to predict different human handover intentions.

*  We proposed a fast HIP method based on fuzzy rules. The fuzzy rules were built
based on thresholds of bending angles of five fingers rather than the thresholds of
original quaternions of IMUs on five fingers. Using our method, the prediction of
human handover intentions could be faster.

*  We conducted experiments to verify the effectiveness and accuracy of our method.
The experimental results showed that our method was effective and accurate in
human HIP.

In what follows, the overall framework of human-robot handover is described in
Section 2.1. The human HIS method is described in Section 2.2. The human HIP method
is given in Section 2.3. We carry out a series of experiments to testify and evaluate the
efficiency and accuracy of the proposed approach in Section 3. The conclusions of the
research findings of this study are provided in Section 4.

2. Materials and Methods
2.1. Overall Framework of Human—Robot Handover

As shown in Figure 1, the overall framework of human-robot handover consists of
three modules: the human HIS module, the human HIP module, and the robot motion
planning and execution module.

Human handover Human handover Human handover Robot motion Robot performing
intention representation intention sensing intention prediction Planning and exccution handover

Intention prediction Mapping of robot action
. | sequence and human

training offline handover intention

- . .

Intention feature Robot motion
extraction and handover intention control
data fusion prediction online commands

v . v

Bending angles Results of

c:alculanm\ handover | Robot controller
of five fingers

Gesture data
sampling

intention prediction

Figure 1. Overall framework of human-robot handover.

To deliver an object to a human (or receive an object from a human) seamlessly and
naturally during handover, the robot must predict human handover intentions. Before the
prediction of human handover intention, human handover intention information needs to
be collected. The collection of human handover intention information is conducted in the
human HIS module. In this module, human handover intention information is represented
by human gestures (the shape of five fingers). Consequently, the collection of human
handover intention information is realized by collecting data of human gestures. The data
collection of human gestures is conducted by a wearable data glove. The wearable data
glove contains six IMUs. Each IMU includes a gyroscope, accelerometer, and magnetometer
incorporated with a proprietary adaptive sensor fusion algorithm to provide original
gesture data. The original gesture data are processed by data fusion and feature extraction.
Subsequently, the bending angle of each finger is calculated and then sent to the human
HIP module through a wireless device to predict human handover intentions.

The human HIP module consists of an offline human HIP model training unit and
an online human HIP unit. In the offline model training unit, an offline dataset, which
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is composed of gesture data and corresponding intention labels, is used to construct a
group of fuzzy rules. The fuzzy rules are used to generate a human HIP model. This
generated model is used by the online human handover intention prediction unit. In the
online human HIP unit, the bending angles of five fingers from the human HIS module
are used by the human HIP model as input data. According to the input data, the human
HIP model calculates the prediction result of human handover intention. The prediction
result of human handover intention is input into the robot motion planning and execution
module. According to the prediction result of human handover intention, the robot motion
planning and execution module generate corresponding action sequences and motion
control instructions, which control the robot to perform a specific movement in a human-
robot handover.

The robot motion planning and execution module is composed of a motion planning
unit and an execution unit. In the motion planning unit, we generate an action sequence
set by human teaching and robot learning. In the action sequence set, each action sequence
corresponds to a specific human handover intention, which forms a map between action
sequences and human handover intentions. The mapping of action sequences and human
handover intentions is queried by the robot when the human HIP result is calculated. The
queried action sequence corresponding to the human HIP result is activated. Motion control
instructions corresponding to the activated action sequence are subsequently generated
and then sent to the execution unit to control the motion of the robot to complete the whole
handover process.

Because this study focuses on natural wearable sensing and human HIP, in the follow-
ing sections, we will describe the human HIS module and the human HIP module.

2.2. Human Handover Intention Sensing

In this study, to verify the effectiveness and advantages of our proposed method, we
selected 12 human gestures to represent human handover intentions as shown in Figure 2.
The reason why we selected these 12 human gestures is that: We ask 5 individuals (two
females and three males) to conduct handover tasks by delivering/picking up objects
to/from a robot. By investigating and studying their handover manners, we find that the
selected 12 kinds of handover intentions are commonly used for their handover intention
expression in the human-robot handover process. This is why we selected these 12 gestures.
These intentions include (a) Give the big red cylinder, (b) Give the middle black cylinder,
(c) Give the small blue cylinder, (d) Need the big red cylinder, (e) Need the middle black
cylinder, (f) Need the small blue cylinder, (g) Rotate arm, (h) Rotate hand, (i) Move up,
(j) Move down, (k) Move close, and (1) Move far.

& 7 7 ¥

a (b) (©) (d)
0

(a) (e) ®

©® (h) ( (k) )
Figure 2. Human handover intentions are represented by wearing the data glove: (a—c) Give.
(d—f) Need. (g) Rotate arm. (h) Rotate hand. (i) Move up. (j) Move down. (k) Move close. (1) Move far.

@

We employed human gestures to represent human handover intentions because they
are more advantageous compared to other approaches [36]. For example, compared with
using natural language to represent human handover intentions [37], using human gestures
to represent human handover intentions avoids interference from noise in the industrial
environment. Compared with using the human gaze to represent human handover inten-
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tions [38,39], using human gestures to represent human handover intentions will be more
natural and intuitive.

During human-robot collaboration, such as in assembly according to assembly require-
ments, the human represents the corresponding handover intention by specific gestures to
ask the robot to offer assistance. To efficiently assist humans, the robot must understand
the handover intention represented by the human. Previously, the robot needs to obtain
corresponding human gesture information.

Human gesture information corresponding to human handover intention is obtained
by a wearable data glove as shown in Figure 3a,b. The wearable data glove can be easily
worn on a human’s hand. The wearable data glove contains six six-axis IMUs [40-42]. One
of the IMUs is located on the back of the hand, and the other five IMUs are respectively
located on the second section of each finger. The sensing data of these IMUs can be sent out
through wireless communication (Bluetooth) in the data glove [43,44].

IMU sensor z
iy
(o]

(a) Locations of IMUs on the finger. (b) Wearable data glove appearance (¢) The glove hardware coordinate system

three-axis angular velocity data

(d) Calculation of cach finger’s pose and bending angle

Figure 3. Wearable data glove.

Human gestures can be expressed through the attitudes of five fingers and the back of
the hand as shown in Figure 3d. These attitudes can be sensed by the six IMUs in the data
glove. The sensing data obtained by each IMU include the original three-axis acceleration
data as well as the original three-axis angular velocity data [45]. These original data can be
transformed to quaternion by the built-in data processing algorithm in an IMU [46]. The
quaternion obtained from each IMU can be expressed as

q=[wxy72" 1)

where w, x, y, z are components of the quaternion. The quaternion is calculated according
to an established world coordinate system. The IMU’s sampling rate in the data glove is
120 Hz.

All the quaternions obtained by the six IMUs can be fused to quantitatively describe
human gestures as

q:[Ql/"'/Qi/"‘IQH] (2)

where g; represents the quaternion obtained by the i IMU. g can be used to quantitatively
describe human gestures. Furthermore, g is input to the human HIP module to calculate
the predicted result of human handover intention, which is described in detail in the
following section.



Biomimetics 2023, 8, 358

7 of 18

2.3. Human Handover Intention Prediction

To predict human handover intention, in this section, we propose a fast human HIP
method based on fuzzy rules [47,48]. First, we employ a statistical method to obtain
thresholds of bending angles of five fingers for each human handover intention. Thereafter,
based on the obtained thresholds of bending angles of five fingers, a collection of fuzzy
rules are defined to predict human handover intention.

We request that the experimenters present different handover intentions based on the
specified gesture expressions as shown in Figure 2 and wearing the wearable data glove.
We collected the handover intention data with the data glove within our experimental
platform as shown in Section 2.4. To differentiate between different human handover
intentions, a traversal procedure compares each element to the others in the collected
handover intention data to obtain the minimum and maximum values of every element.
In particular, we can obtain the lower and upper thresholds for each collected handover
intention dataset. Because 12 types of human handover intentions are considered in this
study, we can correspondingly obtain 12 groups of upper and lower thresholds. If we
obtain one set of handover intention data, by judging which group of upper and lower
thresholds the data are within, we can recognize the handover intention represented by
the data.

As mentioned in Equation (2), the handover intention data are represented by quater-
nions of the six IMUs. There are 4 elements (5.x,4.y, 4.z, g.w) for each IMU, and then
there are 24 elements for the six IMUs. The calculation load to determine the upper and
lower thresholds for the 24 elements is heavy. Therefore, to reduce the load of calculation,
we propose a new method to represent human handover intention. Generally, when we
grasp an object with a different gesture, the bending angles of the five fingers are different.
Therefore, the bending angles of five fingers can be used to represent the human handover
intention. To calculate the bending angles of five fingers, we need to understand the glove
hardware coordinate system. The glove hardware coordinate system is defined by the
left-hand coordinate system as shown in Figure 3c. In Figure 3¢, the red coordinate axis is
the X-axis, the green coordinate axis is the Y-axis, and the blue coordinate axis is the Z-axis.
The bending angle of each finger can be calculated as follows.

First, we calculate the angular displacement of the intermediate section of the finger
relative to the wrist joint as follows [49]

By = Gp il 3)

where A; = [Ago, Ag1, Mg, Ag3] represents the angular displacement of the intermediate
section of the finger relative to the wrist, g, = lq Fimaor 9 fmcr Qfmys g fm.z] represents the
quaternion of the intermediate section of the finger, and qu = [Jw.w, Guw.x, Gu.y, Juw.z) repre-
sents the quaternion of the wrist.

Second, in general, object rotations can be represented in several ways: a direction
cosine matrix or a projection angle or an Euler decomposition or other representations.
The reason why we select an Euler decomposition is that the Euler angle is easy for us to
understand and use, and it is also a quite memory-efficient representation compared with
other representations.Therefore, for convenience, we transfer A, into the Euler angle as [50]

¢ atan2(2(Bgdg1 + AppBgs), 1 = 2(A7; + A%))
0 = asin (Z(Aquqz - Aq3Aq1)) (4)
¢ atan2(2(Bgolgs + AqiBAp), 1 = 2(A%, + A%))

where ¢, 0, ¢ are the rotation angles around the X-axis, Y-axis, and Z-axis, respectively.
Because the finger only bends around one axis (in this paper, the axis is the X axis);
therefore, ¢ and 6 are equal to 0. In particular, ¢ can be used to represent the bending angle
of each finger.
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Finally, the gesture can be represented as

¢ = [¢1, 92, 93, P4, 5] (5)

where ¢1, 92, 93, ¢4, p5 represent the bending angles of the thumb, index finger, middle
finger, ring finger, and pinky finger, respectively. ¢ represents the bending angles of five
fingers, which can be used to describe gestures. The process of calculating bending angles
of the five fingers is shown in Figure 3d.

Therefore, to predict the intention, we only need to identify the lower and upper thresh-
olds of the bending angles of five fingers. This will obviously reduce loads of calculations.

In Table 1, for the human handover intentions considered in this paper, we extract
12 sets of thresholds. The corresponding method is described in Section 3.2.

Table 1. Thresholds for each human handover intention.

Intentions @1/(°) @2/(°) @3/(°) @4/(°) @s/(°)
Give the big red cylinder {—29, —21} {87, 94} {98, 106} {115,120} {107,115}
Give the middle black cylinder {—23,—19} {46,55} {53,62} {39,48} {16,42}
Give the small blue cylinder {—14,—6} {62,66} {103,111} {129,134} {146, 153}
Need the big red cylinder {26,37} {—19,—-5} {104,115} {125,132} {139,149}
Need the middle black cylinder {49,73} {—25,—15} {—20,—5} {126,133} {122,151}
Need the small blue cylinder {—11,8} {117,130} {8,22} {—9,—1} {—12,-5}
Rotate arm {—62,—44} {—36,—25} {—37,-27} {—39,—29} {—40,—-31}
Rotate hand {4,28) {88,93} {85,93) {80,100} {72,83}
Move up {33,58} {—32,-9} {—31,-21} {—31,-20} {—29,—16}
Move down {—38,—27} {125,144} {138,155} {135,147} {13,23}
Move close {—64,—53} (2,10} {158,165} {166,170} {167,170}
Move far {—2,6} {62,71} {133,144} {145,163} {161,170}
Based on these thresholds, a collection of fuzzy rules are defined to recognize human
handover intentions expressed by an individual [51,52]. The fuzzy rules can be depicted by
If(pl S [L(Pl,i’ H(pl,i}andgoz S [prz,if H(pzli]andq)g S [L%/l’, H(P3,1’]al’ld§04 S [L(Pzi/i’ H%i]and
@5 € [Lgs,i Hps il (6)

Human intention — [;

where H and L stand for high and low thresholds, respectively, and I; stands for a human
handover intention. The fuzzy variables are @1, @2, ¢3, ¢4, ¢5. Therefore, if the bending
angle of the thumb ¢, is within the bounds of [L,, ;, Hy, i, the bending angle of the index
finger ¢, is within the bounds of [L,, i, Hy, i|, the bending angle of the middle finger @3
is within the bounds of [L,, i, Hy, i|, the bending angle of the ring finger ¢ is within the
bounds of [L, ;, H, ], and the bending angle of the small finger @5 is within the bounds
of [Lys,i, Hys,i], we can conclude that the human desires to carry out the handover intention
I;. These thresholds are determined according to information gathered from user studies.
The experiment section includes a presentation of the results. The generalized flowchart of
the proposed approach is shown in Figure 4.
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Intention feature
extraction and data fusion
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Results of handover
intention prediction

A

Robot motion control
commands

Figure 4. The generalized flowchart of the proposed approach.

2.4. Experimental Setup

The experimental platform consists of a wearable data glove, a UR5 robot, a controller,
and an engineer station. The components of the experimental platform communicate
through Bluetooth and transmission control protocol/Internet Protocol (TCP/IP). During
human-robot handover, a data glove is worn on the left hand of a human. The data glove
contains six IMUs located on five fingers and the back of the hand. These IMUs send the
sensing data of human handover intentions to the engineer station in real time through
Bluetooth. The engineer station receives and processes the sensing data from the wearable
data glove and runs a human HIP algorithm to obtain the result of human handover
intention prediction. The data receiving, data processing, and human HIP algorithm are
programmed by the engineer using C++ and Python through programming interfaces such
as visual studio 2017 and ROS. Moveit is the most widely used software for robot motion
planning. The Followjointtrajectory action is a ROS node that provides an action interface
for tracking trajectory execution. It passes trajectory goals to the robot controller, and
reports success when they have finished executing. In this paper, we will use Moveit and
the Followjointtrajectory action node for robot motion planning.The experimental platform
is shown in Figure 5. Our experiments include 12 human handover intentions as shown in
Figure 2. These human handover intentions are expressed by the experimental participant
wearing the data glove on the left hand.

In our experiment, we first conduct a test to evaluate if the information of human
handover intentions can be successfully sensed by the wearable data glove. Secondly,
we describe how to construct the prediction model based on the sensed information and
evaluate the performance of the prediction model. Finally, we conduct online human-—
robot handover experiments to verify whether the robot can correctly predict human
handover intentions and collaborate with the experimental participant to complete the
whole handover process.
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3. Results and Discussion
3.1. Sensing of Human Handover Intentions

In this section, we experiment to evaluate the effectiveness of the proposed approach
in terms of the sensing ability of human intentions. During the experiment, a human
wearing a data glove performs several intentions with different gestures. The IMUs in
the data glove sample pose information of the human’s fingers and send the sampled
data to Unity on PC as shown in Figure 6. After Unity has received the sampled data, it
restructures and displays human gestures in the virtual environment.

45cm

. M

‘E‘—\Vimless signal receiver (((‘
. >
\ Receiver base =
¢ — -
FH
USB
Unity display interface Communication connection to PC Data glove

Figure 6. Communication connection between data glove, PC, and Unity.

Figure 7 shows the sensing results of humans’ intentions. It can be observed that when
the human wearing a data glove performs different intentions of “One”, “Two”, “Three”,
“Four”, “Five”, “Six”, “Seven”, “Eight”, and “Nine” by different gestures, the data of these
gestures can be sampled by the data glove and sent to Unity. Unity successfully restructured
and displayed these gestures in the virtual environment as shown in Figure 7. Furthermore,
we record the bending angles of the five fingers when the human performs intentions by
different gestures as shown in Figure 8. It can be observed that the motion of five fingers
can be tracked successfully in real time. Therefore, human intentions can be successfully

sensed by our method. The sensing data are used to predict human handover intentions.
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Figure 7. Sensing of human gestures. (a) Human expresses the numbers 1—9 by wearing a data glove

with different gestures. (b) Unity reconstructs and displays human gestures using the sensing data in
the virtual reality environment.
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Figure 8. Real—time tracking of the motion of five fingers when the human performs intentions by

different gestures.

3.2. Prediction Model Construction

We asked the experimental participant wearing the wearable data glove to present
12 different handover intentions as depicted in Figure 2. Each handover intention is
presented 200 times. For each presentation, the pose data of five fingers are sampled
by the IMUs in the data glove. Using these sampled data, we can calculate the bending
angles of five fingers using Equations (3)—(5). The bending angles of five fingers for all the
12 handover intentions in the 200 presentations are shown in Figure 9.

The human HIP model is constructed by establishing the upper and lower thresholds
of the bending angles of five fingers for each human handover intention. By employing the
data sampled from 200 presentations as shown in Figure 9, we can obtain the maximum and
minimum values of the bending angles. Thereafter, the upper and lower thresholds of the
bending angles can be established by the maximum and minimum values. Because 12 types
of human handover intentions are considered in this study, we can obtain 12 groups of
upper and lower thresholds correspondingly as shown in Table 1. If we obtain one set of
handover intention data, by judging which group of upper and lower thresholds the data
are within, we can predict the handover intention represented by the data.
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Figure 9. Bending angles of five fingers for all the 12 handover intentions in the 200 presentations.

3.3. Performance Evaluations of the Prediction Model

We evaluate these 12 human handover intentions” prediction accuracy using a vari-
ety of techniques. These techniques comprise our method, linear discriminant analysis
(LDA) [53], support vector machine (SVM) [54], and k-nearest neighbor (KNN) [55]. An
identical operation station is used to test each algorithm. In order to evaluate the perfor-
mance of the proposed model, we ask five subjects (two females and three males) within
an age range of 25-33 to collaborate with the robot to conduct handover tasks using the
proposed approach. The prediction accuracy evaluation uses 6000 sets (500 sets per human
handover intention) of human handover intention features. The k-fold cross-validation
method is utilized to unbiasedly check and evaluate these approaches’ generalization in
human HIP [56]. We divided the collected data into 10 equally sized portions according
on the empirical evidence [57]. For the sake of testing the suggested prediction algorithm,
one of the ten subsets is utilized as the validation (prediction) set, while the other nine
are combined to produce a training set. As a consequence, the cross-validation process
is performed 10 times, and each subset is used as the validation data once. As shown in
Table 2, for each human intention, the accuracy estimate is calculated by averaging the
nine prediction outcomes. It can be concluded that the proposed method can successfully
predict all the human handover intentions with a higher accuracy than other approaches.
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Table 2. Each intention’s prediction accuracy using different approaches.

Algorithm Our Method SVM LDA KNN

Give the big red cylinder 99% 92% 38% 92%
Give the middle black cylinder 100% 100% 52% 96%
Give the small blue cylinder 98% 81% 84% 93%
Need the big red cylinder 100% 100% 76% 100%
Need the middle black cylinder 100% 100% 66% 100%
Need the small blue cylinder 100% 99% 82% 100%
Rotate arm 100% 100% 100% 100%

Rotate hand 100% 100% 99% 100%

Move up 98% 100% 100% 100%

Move down 100% 99% 100% 100%

Move close 100% 100% 100% 100%

Move far 100% 100% 98% 100%

The results of average prediction accuracy (APA) of the 12 handover intentions are
illustrated in Figure 10a, and the standard deviation of the prediction errors (StD-E) of
the 12 handover intentions are illustrated in Figure 10b. The histogram shows that the
APA results of these methods are 99.6%, 97.6%, 82.9%, and 98.4%, respectively. It can
be concluded that the proposed approach can predict all human handover intentions in
human-robot collaboration more accurately than other methods. Additionally, Figure 10
demonstrates that the StD-E produced by the proposed model is approximately 0.008,
which is significantly less than the StD-Es of SVM (0.09), LDA (0.26), and KNN(0.05).
Consequently, it can be stated that our method is more reliable in predicting human
handover intentions.

1.0

0.25
0.8 -
L 0.20 -
0.6 - o
< [ é 0.15
o 2]
< 04}
0.10
02 0.05 |-
0.0 0.00
Our method SVM LDA KNN Our method SVM LDA KNN
Methods Methods
(a) (b)

Figure 10. Comparison results of different methods in human handover intention prediction. (a) APA.
(b) StD-E.

3.4. Online Human—Robot Handover

In this section, we conduct an online human-to-robot object handover experiment.
During the handover process, the experimental participant wears a data glove on the left
hand, picks up a cylinder, and expresses the handover intention to the robot—"“Give the
cylinder to you”. The sensing data of the human handover intention are sent to the robot
through wireless communication. Using the received sensing data, the robot predicts the
handover intention of the human. After the human intention is successfully predicted, the
robot receives the cylinder from the human hand and places the cylinder in the correct place.

Figure 11 shows the process of object handover from the human to the robot. As shown
in Figure 11((1),(2)), the experimental participant grasps the middle black cylinder randomly
and begins to hand it over to the robot. After the robot successfully predicts the human’s
handover intention, it picks up the delivered cylinder from the human’s hand, as shown
in Figure 11((3)—(5)). Subsequently, the robot places the cylinder in the correct position
shown in Figure 11(6) and returns to the initial position, as shown in Figure 11((7),(8)).
These pictures taken during the experiment show that the robot successfully predicts the
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human handover intention through the proposed approach and further collaborates with
the human to complete the whole handover process.

Figure 11. Process of human-to-robot handover.

3.5. Robot Motion Mode Adjustment

In this section, we conduct an online robot motion mode adjustment experiment.
During the handover process, the experimental participant wears a data glove on the left
hand and expresses the “Move up”, “Move down”, “"Move close”, “Move far away”, “Rotate
the gripper” and “Rotate the arm” intentions to the robot separately. The robot predicts
the intentions of the experimental participant and adjusts its motion mode according to
the prediction result. Figure 12 shows the process of the robot motion mode adjustment
using our approach. As shown in Figure 12a((1),(2)), once the human expresses the “Move
up” intention, the robot moves its gripper upward. When the human expresses the “Move
down” intention, the robot moves its gripper down as shown in Figure 12a((3),(4)). After the
human presents the “Move close” intention, the robot moved closer to the human as shown
in Figure 12b((1),(2)). After the human presents the “Move far away” intention, the robot
moved far away from the human as shown in Figure 12b((3),(4)). From Figure 12¢((1),(2)),
we can observe that after the human expresses the “Rotate your gripper” intention, the
robot rotated its gripper. From Figure 12¢((3),(4)), we can observe that after the human
expresses the “Rotate your arm” intention, the robot rotated its arm. These pictures taken
during the experiment show that through the proposed approach, the robot successfully
predicts the human’s intentions and adjusts its motion mode correspondingly.

Figure 12. Robot motion mode adjustment according to the human intentions. (a) Move up and
down. (b) Move close and far away. (c) Rotate the gripper and the arm.

3.6. Online Robot-Human Handover

In this section, we conduct an online robot-to-human object handover experiment.
During the handover process, the experimental participant wears a data glove on the left
hand and expresses the handover intention to the robot using the gesture “I need the big
red cylinder from you”. The sensing data of the human handover intention are sent to the
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robot through wireless communication. Using the received sensing data, the robot predicts
the handover intention of the human. After the human handover intention is successfully
predicted, the robot correctly grasps the object and hands it over to the experimental
participant.

Figure 13 shows the process of object handover from the robot to the human. As
shown in Figure 13((1),(2)), the experimental participant expresses his intention to the
robot—"I need the big red cylinder from you”. The robot receives sensing data from the
data glove and predicts the handover intention of the experimental participant. Once
the robot successfully predicts the handover intention, it grasps the big red cylinder and
hands it over to the experimental participant, as shown in Figure 13((3)—(6)). After the
experimental participant receives the desired cylinder from the robot, the robot moves back
to its starting position, which is shown in Figure 13((7),(8)). These pictures taken during
the experiment show that the robot successfully predicts the human’s handover intention
through the proposed approach and further collaborates with the human to complete the
whole handover process.

Figure 13. The process of robot-to-human handover.

4. Conclusions

A novel human HIP approach has been proposed in this study to allow robots to
predict human handover intentions. This proposed approach includes human HIS and
human handover prediction.

e For human HIS, a wearable data glove is used to sense human handover intention in-
formation. Compared with vision-based and physical contact-based sensing methods,
data glove-based sensing is not affected by visual occlusion; thus, it does not pose
threats to human safety.

e  For human HIP, a fast HIP method based on fuzzy rules has been proposed. Using
this method, the robot can efficiently predict human handover intentions based on the
sensing data obtained by the data glove.

The experimental results show the benefits and efficiency of the proposed method in
human HIP during human-robot collaboration.

The proposed method still has several limitations, which motivate our future research.
First, the prediction accuracy of the proposed method is still not 100%. To improve the
performance, in future, we will consider developing human handover intention predic-
tion method based on multimodal information. The multimodal information may be
obtained by combining wearable sensing with human gaze, speech, etc. Second, we mainly
address human handover intention sensing and prediction in this paper. In future, we
plan to integrate the proposed method with motion planning to solve the human-robot
handover problem.

Author Contributions: Conceptualization, R.Z. and Y.L. (Yubin Liu); methodology, R.Z.; software,
Y.L. (Ying Li); validation, R.Z. and G.C.; formal analysis, R.Z.; investigation, R.Z.; resources, Y.L. (Yu-
bin Liu); data curation, R.Z.; writing—original draft preparation, R.Z.; writing—review and editing,
R.Z. and Y.L. (Yubin Liu); visualization, R.Z.; supervision, ].Z. and H.C.; project administration, Y.L.
(Yubin Liu); funding acquisition, Y.L. (Yubin Liu). All authors have read and agreed to the published
version of the manuscript.



Biomimetics 2023, 8, 358 16 of 18

Funding: This research was funded by the Major Research Plan of the National Natural Science
Foundation of China under Grant 91948201.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Medical Ethics Committee of Harbin Institute of Technology
(protocol code: 2023N0.03062, date of approval: 20 March 2023).

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Mukherjee, D.; Gupta, K.; Chang, L.H.; Najjaran, H. A survey of robot learning strategies for human-robot collaboration in
industrial settings. Robot. Comput.-Integr. Manuf. 2022, 73, 102231. [CrossRef]

2. Kumar, S.; Savur, C.; Sahin, F. Survey of human-robot collaboration in industrial settings: Awareness, intelligence, and compliance.
IEEE Trans. Syst. Man Cybern. Syst. 2020, 51, 280-297. [CrossRef]

3. Hijorth, S.; Chrysostomou, D. Human-robot collaboration in industrial environments: A literature review on non-destructive
disassembly. Robot. Comput.-Integr. Manuf. 2022, 73, 102208. [CrossRef]

4. Zhang, R,; Lv, Q.; Li, J.; Bao, J.; Liu, T,; Liu, S. A reinforcement learning method for human-robot collaboration in assembly tasks.
Robot. Comput.-Integr. Manuf. 2022, 73, 102227. [CrossRef]

5. Li, S.; Zheng, P; Fan, ].; Wang, L. Toward proactive human-robot collaborative assembly: A multimodal transfer-learning-enabled
action prediction approach. IEEE Trans. Ind. Electron. 2021, 69, 8579-8588. [CrossRef]

6.  El Makrini, I.; Mathijssen, G.; Verhaegen, S.; Verstraten, T.; Vanderborght, B. A virtual element-based postural optimization
method for improved ergonomics during human-robot collaboration. IEEE Trans. Autom. Sci. Eng. 2022, 19,1772-1783. [CrossRef]

7. He, W, Li,J.; Yan, Z; Chen, F. Bidirectional human-robot bimanual handover of big planar object with vertical posture. IEEE
Trans. Autom. Sci. Eng. 2021, 19, 1180-1191. [CrossRef]

8.  Liu, D.; Wang, X,; Cong, M,; Du, Y.; Zou, Q.; Zhang, X. Object Transfer Point Predicting Based on Human Comfort Model for
Human-Robot Handover. IEEE Trans. Instrum. Meas. 2021, 70, 1-11. [CrossRef]

9. Ortenzi, V.; Cosgun, A.; Pardi, T.; Chan, W.P.; Croft, E.; Kuli¢, D. Object handovers: A review for robotics. IEEE Trans. Robot. 2021,
37, 1855-1873. [CrossRef]

10. Liu, T.; Lyu, E.; Wang, J.; Meng, M.Q.H. Unified Intention Inference and Learning for Human-Robot Cooperative Assembly.
IEEE Trans. Autom. Sci. Eng. 2021, 19, 2256-2266. [CrossRef]

11.  Zeng, C.; Chen, X.; Wang, N.; Yang, C. Learning compliant robotic movements based on biomimetic motor adaptation. Robot.
Auton. Syst. 2021, 135, 103668. [CrossRef]

12. Yu, X;Li, B.; He, W,; Feng, Y.; Cheng, L.; Silvestre, C. Adaptive-constrained impedance control for human-robot co-transportation.
IEEE Trans. Cybern. 2021, 52, 13237-13249. [CrossRef] [PubMed]

13.  Khatib, M.; Al Khudir, K.; De Luca, A. Human-robot contactless collaboration with mixed reality interface. Robot. Comput.-Integr.
Manuf. 2021, 67, 102030. [CrossRef]

14. Wang, W.; Li, R,; Chen, Y.; Sun, Y,; Jia, Y. Predicting human intentions in human-robot hand-over tasks through multimodal
learning. IEEE Trans. Autom. Sci. Eng. 2021, 19, 2339-2353. [CrossRef]

15. Rosenberger, P.; Cosgun, A.; Newbury, R.; Kwan, J.; Ortenzi, V.; Corke, P.; Grafinger, M. Object-independent human-to-robot
handovers using real time robotic vision. IEEE Robot. Autom. Lett. 2020, 6, 17-23. [CrossRef]

16. Melchiorre, M.; Scimmi, L.S.; Mauro, S.; Pastorelli, S.P. Vision-based control architecture for human-robot hand-over applications.
Asian J. Control. 2021, 23, 105-117. [CrossRef]

17. Ye, R; Xu, W,; Xue, Z.; Tang, T.; Wang, Y.; Lu, C. H20: A benchmark for visual human-human object handover analysis.
In Proceedings of the IEEE/CVF International Conference on Computer Vision, Montreal, BC, Canada, 11-17 October 2021;
pp. 15762-15771.

18.  Wei, D.; Chen, L.; Zhao, L.; Zhou, H.; Huang, B. A Vision-Based Measure of Environmental Effects on Inferring Human Intention
During Human Robot Interaction. IEEE Sens. ]. 2021, 22, 4246-4256. [CrossRef]

19. Liu, C; Li, X;; Li, Q.; Xue, Y.; Liu, H.; Gao, Y. Robot recognizing humans intention and interacting with humans based on a
multi-task model combining ST-GCN-LSTM model and YOLO model. Neurocomputing 2021, 430, 174-184. [CrossRef]

20. Chan, W.P; Pan, M.K,; Croft, E.A.; Inaba, M. An affordance and distance minimization based method for computing object
orientations for robot human handovers. Int. |. Soc. Robot. 2020, 12, 143-162. [CrossRef]

21. Yang, W,; Paxton, C.; Mousavian, A.; Chao, YYW.; Cakmak, M.; Fox, D. Reactive human-to-robot handovers of arbitrary objects. In
Proceedings of the 2021 IEEE International Conference on Robotics and Automation (ICRA), Xi’an, China, 30 May-5 June 2021;
IEEE: Piscataway, NJ, USA, 2021; pp. 3118-3124.

22.  Alevizos, K.I.; Bechlioulis, C.P.; Kyriakopoulos, K.J. Physical human-robot cooperation based on robust motion intention

estimation. Robotica 2020, 38, 1842-1866. [CrossRef]


http://doi.org/10.1016/j.rcim.2021.102231
http://dx.doi.org/10.1109/TSMC.2020.3041231
http://dx.doi.org/10.1016/j.rcim.2021.102208
http://dx.doi.org/10.1016/j.rcim.2021.102227
http://dx.doi.org/10.1109/TIE.2021.3105977
http://dx.doi.org/10.1109/TASE.2022.3147702
http://dx.doi.org/10.1109/TASE.2020.3043480
http://dx.doi.org/10.1109/TIM.2021.3089227
http://dx.doi.org/10.1109/TRO.2021.3075365
http://dx.doi.org/10.1109/TASE.2021.3077255
http://dx.doi.org/10.1016/j.robot.2020.103668
http://dx.doi.org/10.1109/TCYB.2021.3107357
http://www.ncbi.nlm.nih.gov/pubmed/34570713
http://dx.doi.org/10.1016/j.rcim.2020.102030
http://dx.doi.org/10.1109/TASE.2021.3074873
http://dx.doi.org/10.1109/LRA.2020.3026970
http://dx.doi.org/10.1002/asjc.2480
http://dx.doi.org/10.1109/JSEN.2021.3139593
http://dx.doi.org/10.1016/j.neucom.2020.10.016
http://dx.doi.org/10.1007/s12369-019-00546-7
http://dx.doi.org/10.1017/S0263574720000958

Biomimetics 2023, 8, 358 17 of 18

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

Wang, P; Liu, J.; Hou, E; Chen, D.; Xia, Z.; Guo, S. Organization and understanding of a tactile information dataset TacAct for
physical human-robot interaction. In Proceedings of the 2021 IEEE/RS]J International Conference on Intelligent Robots and
Systems (IROS), Prague, Czech Republic, 27 September—1 October 2021; IEEE: Piscataway, NJ, USA, 2021; pp. 7328-7333.

Chen, J.; Ro, PI. Human intention-oriented variable admittance control with power envelope regulation in physical human-robot
interaction. Mechatronics 2022, 84, 102802. [CrossRef]

Yu, X; Li, Y.; Zhang, S.; Xue, C.; Wang, Y. Estimation of human impedance and motion intention for constrained human-robot
interaction. Neurocomputing 2020, 390, 268-279. [CrossRef]

Li, HY,; Dharmawan, A.G.; Paranawithana, I.; Yang, L.; Tan, U.X. A control scheme for physical human-robot interaction coupled
with an environment of unknown stiffness. J. Intell. Robot. Syst. 2020, 100, 165-182. [CrossRef]

Hamad, Y.M.; Aydin, Y.; Basdogan, C. Adaptive human force scaling via admittance control for physical human-robot interaction.
IEEE Trans. Haptics 2021, 14, 750-761. [CrossRef] [PubMed]

Khoramshahi, M.; Billard, A. A dynamical system approach for detection and reaction to human guidance in physical human-
robot interaction. Auton. Robot. 2020, 44, 1411-1429. [CrossRef]

Li, G.; Li, Z.; Kan, Z. Assimilation control of a robotic exoskeleton for physical human-robot interaction. IEEE Robot. Autom. Lett.
2022, 7,2977-2984. [CrossRef]

Zhang, T.; Sun, H.; Zou, Y. An electromyography signals-based human-robot collaboration system for human motion intention
recognition and realization. Robot. Comput.-Integr. Manuf. 2022, 77, 102359. [CrossRef]

Sirintuna, D.; Ozdamar, I.; Aydin, Y.; Basdogan, C. Detecting human motion intention during pHRI using artificial neural
networks trained by EMG signals. In Proceedings of the 2020 29th IEEE International Conference on Robot and Human Interactive
Communication (RO-MAN), Naples, Italy, 31 August—4 September 2020; IEEE: Piscataway, NJ, USA, 2020; pp. 1280-1287.
Mendes, N. Surface Electromyography Signal Recognition Based on Deep Learning for Human-Robot Interaction and Collabora-
tion. J. Intell. Robot. Syst. 2022, 105, 42. [CrossRef]

Cifuentes, C.A; Frizera, A.; Carelli, R; Bastos, T. Human-robot interaction based on wearable IMU sensor and laser range finder.
Robot. Auton. Syst. 2014, 62, 1425-1439. [CrossRef]

Artemiadis, PK.; Kyriakopoulos, K.J. An EMG-based robot control scheme robust to time-varying EMG signal features. IEEE
Trans. Inf. Technol. Biomed. 2010, 14, 582-588. [CrossRef]

Wolf, M.T.; Assad, C.; Vernacchia, M.T.; Fromm, J.; Jethani, H.L. Gesture-based robot control with variable autonomy from the
JPL BioSleeve. In Proceedings of the 2013 IEEE International Conference on Robotics and Automation, Karlsruhe, Germany, 6-10
May 2013; IEEE: Piscataway, NJ, USA, 2013; pp. 1160-1165.

Liu, H.; Wang, L. Latest developments of gesture recognition for human-robot collaboration. In Advanced Human-Robot
Collaboration in Manufacturing; Springer: Berlin/Heidelberg, Germany, 2021; pp. 43—68.

Wang, L.; Liu, S.; Liu, H.; Wang, X.V. Overview of human-robot collaboration in manufacturing. In Proceedings of the 5th
International Conference on the Industry 4.0 Model for Advanced Manufacturing: AMP 2020, Belgrade, Serbia, 1-4 June 2020;
Springer: Berlin/Heidelberg, Germany, 2020; pp. 15-58.

Kshirsagar, A.; Lim, M.; Christian, S.; Hoffman, G. Robot gaze behaviors in human-to-robot handovers. IEEE Robot. Autom. Lett.
2020, 5, 6552-6558. [CrossRef]

Cini, F; Banfi, T,; Ciuti, G.; Craighero, L.; Controzzi, M. The relevance of signal timing in human-robot collaborative manipulation.
Sci. Robot. 2021, 6, eabg1308. [CrossRef] [PubMed]

Chen, X.; Zhang, K,; Liu, H.; Leng, Y.; Fu, C. A probability distribution model-based approach for foot placement prediction in the
early swing phase with a wearable imu sensor. IEEE Trans. Neural Syst. Rehabil. Eng. 2021, 29, 2595-2604. [CrossRef] [PubMed]
Takano, W. Annotation generation from IMU-based human whole-body motions in daily life behavior. IEEE Trans. Hum.-Mach.
Syst. 2020, 50, 13-21. [CrossRef]

Amorim, A.; Guimares, D.; Mendona, T.; Neto, P.; Costa, P.; Moreira, A.P. Robust human position estimation in cooperative
robotic cells. Robot. Comput.-Integr. Manuf. 2021, 67, 102035. [CrossRef]

Niu, H.; Van Leeuwen, C.; Hao, J.; Wang, G.; Lachmann, T. Multimodal Natural Human—Computer Interfaces for Computer-Aided
Design: A Review Paper. Appl. Sci. 2022, 12, 6510. [CrossRef]

Wu, C.; Wang, K.; Cao, Q.; Fei, F; Yang, D.; Lu, X.; Xu, B.; Zeng, H.; Song, A. Development of a low-cost wearable data glove for
capturing finger joint angles. Micromachines 2021, 12, 771. [CrossRef] [PubMed]

Lin, P.C,; Lu, J.C,; Tsai, C.H.; Ho, C.W. Design and implementation of a nine-axis inertial measurement unit. I[EEE/ASME Trans.
Mechatronics 2011, 17, 657—668.

Yuan, Q.; Asadi, E.; Lu, Q.; Yang, G.; Chen, LM. Uncertainty-based IMU orientation tracking algorithm for dynamic motions.
IEEE/ASME Trans. Mechatronics 2019, 24, 872-882. [CrossRef]

Jara, L.; Ariza-Valderrama, R.; Ferndndez-Olivares, ].; Gonzdlez, A.; Pérez, R. Efficient inference models for classification problems
with a high number of fuzzy rules. Appl. Soft Comput. 2022, 115, 108164. [CrossRef]

Mousavi, S.M.; Abdullah, S.; Niaki, S.T.A.; Banihashemi, S. An intelligent hybrid classification algorithm integrating fuzzy
rule-based extraction and harmony search optimization: Medical diagnosis applications. Knowl.-Based Syst. 2021, 220, 106943.
[CrossRef]

Selig, ] M. Geometric Fundamentals of Robotics; Springer: Berlin/Heidelberg, Germany, 2005; Volume 128.

Diebel, J. Representing attitude: Euler angles, unit quaternions, and rotation vectors. Matrix 2006, 58, 1-35.


http://dx.doi.org/10.1016/j.mechatronics.2022.102802
http://dx.doi.org/10.1016/j.neucom.2019.07.104
http://dx.doi.org/10.1007/s10846-020-01176-2
http://dx.doi.org/10.1109/TOH.2021.3071626
http://www.ncbi.nlm.nih.gov/pubmed/33826517
http://dx.doi.org/10.1007/s10514-020-09934-9
http://dx.doi.org/10.1109/LRA.2022.3144537
http://dx.doi.org/10.1016/j.rcim.2022.102359
http://dx.doi.org/10.1007/s10846-022-01666-5
http://dx.doi.org/10.1016/j.robot.2014.06.001
http://dx.doi.org/10.1109/TITB.2010.2040832
http://dx.doi.org/10.1109/LRA.2020.3015692
http://dx.doi.org/10.1126/scirobotics.abg1308
http://www.ncbi.nlm.nih.gov/pubmed/34550718
http://dx.doi.org/10.1109/TNSRE.2021.3133656
http://www.ncbi.nlm.nih.gov/pubmed/34874865
http://dx.doi.org/10.1109/THMS.2019.2960630
http://dx.doi.org/10.1016/j.rcim.2020.102035
http://dx.doi.org/10.3390/app12136510
http://dx.doi.org/10.3390/mi12070771
http://www.ncbi.nlm.nih.gov/pubmed/34208871
http://dx.doi.org/10.1109/TMECH.2019.2892069
http://dx.doi.org/10.1016/j.asoc.2021.108164
http://dx.doi.org/10.1016/j.knosys.2021.106943

Biomimetics 2023, 8, 358 18 of 18

51.

52.

53.

54.

55.

56.
57.

Wang, L.X.; Mendel, ]. M. Generating fuzzy rules by learning from examples. IEEE Trans. Syst. Man Cybern. 1992, 22, 1414-1427.
[CrossRef]

Juang, C.E; Ni, W.E. Human Posture Classification Using Interpretable 3-D Fuzzy Body Voxel Features and Hierarchical Fuzzy
Classifiers. IEEE Trans. Fuzzy Syst. 2022, 30, 5405-5418. [CrossRef]

Altman, E.I.; Marco, G.; Varetto, F. Corporate distress diagnosis: Comparisons using linear discriminant analysis and neural
networks (the Italian experience). J. Bank. Financ. 1994, 18, 505-529. [CrossRef]

Hearst, M.A.; Dumais, S.T.; Osuna, E.; Platt, J.; Scholkopf, B. Support vector machines. IEEE Intell. Syst. Their Appl. 1998,
13, 18-28. [CrossRef]

Denoeux, T. A k-nearest neighbor classification rule based on Dempster-Shafer theory. IEEE Trans. Syst. Man Cybern. 1995,
25,804-813. [CrossRef]

Fushiki, T. Estimation of prediction error by using K-fold cross-validation. Stat. Comput. 2011, 21, 137-146. [CrossRef]

Kohavi, R. A study of cross-validation and bootstrap for accuracy estimation and model selection. In Proceedings of the IJCAI
1995, Montreal, QC, Canada, 20-25 August 1995; Volume 14, pp. 1137-1145.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://dx.doi.org/10.1109/21.199466
http://dx.doi.org/10.1109/TFUZZ.2022.3177028
http://dx.doi.org/10.1016/0378-4266(94)90007-8
http://dx.doi.org/10.1109/5254.708428
http://dx.doi.org/10.1109/21.376493
http://dx.doi.org/10.1007/s11222-009-9153-8

	Introduction
	Materials and Methods
	Overall Framework of Human–Robot Handover
	Human Handover Intention Sensing
	Human Handover Intention Prediction
	Experimental Setup

	Results and Discussion
	Sensing of Human Handover Intentions
	Prediction Model Construction
	Performance Evaluations of the Prediction Model
	Online Human–Robot Handover
	Robot Motion Mode Adjustment
	Online Robot-Human Handover

	Conclusions
	References

